. As fetal organs mature, vascularity increases; thus, the number of arterioles in the right lung of fetal lambs increases from 7.2 × 10 3 / ml to 61.8 × 10 3 /ml of the lung from 85 to 140 days of gestation 3 . The number of vessels per unit volume varies greatly in different tissues. These modifications will influence blood flows to organs, so that the distribution of the cardiac output will be altered during gestational development. The changes associated with fetal growth have been studied in fetal lambs, using radionuclidelabeled microspheres to measure blood flows 4 . The concepts derived from these observations have generally been applied to consideration of the cardiac output and distribution of flow in the human fetus. In recent years, the introduction of ultrasound and phase-contrast magnetic resonance imaging techniques (MRI) has provided the opportunity to study blood flow in many major vessels in the human fetus. The relationship between blood flows measured by microspheres, electromagnetic flowmeters, and Doppler ultrasonography has been examined in sheep fetuses; the descending aortic and umbilical blood flows measured by these three methods showed an excellent correlation 5 . Although no reports of comparison of flows measured by MRI and Doppler in fetuses could be identified, cardiac output measured by MRI and Doppler ultrasound in adult humans showed fairly good agreement 6 . These studies have shown that there are major differences in the blood flow patterns in the human compared with the lamb fetus and that these differences become increasingly apparent with advancing gestational age. This article reviews the differences in blood flows in the lamb and human fetus and discusses the factors that account for them. An appreciation of the dramatic gestational changes in the circulation is important in explaining the varying effects of congenital cardiovascular malformations in the human fetus.
CARDIAC OUTPUT
Postnatally, in the normal individual, it is customary to express the output of the heart as "cardiac output." This represents the volume of blood that passes sequentially through the right heart, the lungs, the left heart, and the systemic circulation. The cardiac output thus represents the volume ejected by one ventricle, and the output of each ventricle is almost identical. In view of the presence of several vascular shunts in the fetus, it has become standard practice to express the output of the heart as "combined ventricular output" (CVO); the outputs of the left and right ventricle may, however, be quite different. In the fetal lamb, the CVO is 450-500 ml/min/kg fetal weight; this level is constant throughout the gestational period of 40 (0.4 gestation) to 140 days (term) 4 . In human fetuses, CVO has been measured using the Doppler technique. In one report, the CVO was constant in the fetus of gestation of 15-40 weeks with a value of about 550 ml/ min/kg estimated fetal weight 7 . However, Mielke and Benda 8 reported the values for CVO of about 450 ml/min/kg in human fetuses at 13-40 weeks of gestation. In a study of blood flows measured by phase-contrast magnetic resonance imaging (PC-MRI), CVO was also noted to be about 450 ml/min/kg in human fetuses near term 9 . Thus, the CVO in relation to fetal body weight is similar in the lamb and human fetus over the latter two-thirds of gestation at about 450 ml/min/kg.
Although the combined output of the two ventricles is similar in the lamb and human fetus, the outputs of the left and right ventricles differ. In the lamb fetus, the right ventricle ejects about 60-65 percent and the left ventricle ejects only 35-40 percent of CVO 10 , with an RVO:LVO ratio of a little below 2:1. In the studies on the human fetus, all showed the ratio of RVO to LVO to be considerably lower-about 1.3:1 11 . There was some inconsistency with the findings of changes during gestation. Thus, De Smedt et al. 7 noted a slight decrease in the ratio from about 0.4 g to term, whereas Rasanen et al. 12 reported an increase in RVO:LVO from about 1.2 at 0.5 gestation to 1.5 near term.
ORGAN BLOOD FLOWS
Changes in blood flow to organs and the proportions of the CVO distributed to various organs during gestational development have been studied in fetal lambs using radionuclide-labeled microspheres 4 . In the fetal lamb, blood flow to the carcass (muscle, skin, and bone) is about 22 ml/min/100 g tissue weight at 0.4 gestation and it continues at this level to term. Throughout the period of 0.4 gestation to term, it is 16-20 percent of CVO. Myocardial blood flow is about 235 ml/kg/100 g at 0.4 gestation and about 3.8 percent of CVO and these values do not change significantly throughout gestation. Information of blood flow to these structures in the human fetus is not available. In the human fetus, blood flow to some organs, including the placenta and the lungs, have been measured by Doppler technique or PC-MRI.
UMBILICAL-PLACENTAL BLOOD FLOW
In lambs, umbilical-placental flow is about 200-220 ml/min/kg of fetal weight from 60 days (0.4) gestation to 145 days (term) and it is about 45 percent of CVO at 0.4 gestation; this percentage slightly falls to about 40 percent at 140 days (term). In human fetuses, flow has been estimated from Doppler ultrasound recordings in the intra-abdominal portion of the umbilical vein, as well as in the ductus venosus. As compared with the lamb, the umbilical blood flow is considerably lower both in relation to body weight and CVO. Furthermore, it falls significantly over the gestational period of 18-40 weeks (0.5 gestation-term). Sutton et al. 13 found that umbilical venous flow decreased from 134 ml/ min/kg estimated fetal weight at 0.5 gestation to 105 ml/min/kg at term. Similarly, in studies of fetuses at 18 weeks (0.5 gestation) to term, Kiserud et al.
14 noted a decrease in umbilical flow from 32 percent CVO to 21 percent CVO after 0.8 gestation. The proportion of the umbilical venous flow that is shunted through the ductus venosus in the fetal lamb varies considerably, but the mean is about 50 percent 15 and this does not change during gestational development. In the human fetus, at 0.5 gestation, 30-40 percent of umbilical venous flow passes through the ductus venosus, but this decreases to 15-20 percent by term 16, 17 . Thus, in the near-term fetus, only about 15 ml/min/kg estimated fetal weight traverses the ductus venosus.
PULMONARY BLOOD FLOW
In the fetal lamb, blood flow to the lungs is about 38 ml/min/ 100 g and about 3.7 percent of CVO at 0.4 gestation; flow increases slowly to 70 (5.4 percent CVO) at 0.8 gestation and then more rapidly to 126 ml/min/100 g (7.0 percent CVO) at term. In human fetuses, blood flow to the lungs has been estimated from recordings of the left and right pulmonary arteries, or by subtracting ductus arteriosus flow from the main pulmonary arterial flow. It is not possible to measure flow per unit of lung weight, but it can be expressed in relation to CVO. Pulmonary blood flow is higher relative to CVO than in the lamb. Mielke and Benda 8 reported pulmonary flow as 11 percent CVO and there was no significant change with gestational age. Sutton et al. 18 noted much higher flows of 20-25 percent of CVO; there was also no significant change over the second and third trimesters. However, Rasanen et al. 12 observed that pulmonary flow is about 15 percent of CVO at 18 weeks of gestation and this increases to about 22 percent by 30 weeks, with no further change in later gestation.
CEREBRAL BLOOD FLOW
Brain flow relative to organ weight also increases markedly in fetal lambs from 30 ml/min/100 g at 0.4 gestation to 101 at 0.8 gestation and to 132 ml/min/100 g at term; as a proportion of CVO, it increases from 2.2 percent at 0.4 gestation to 3.0 percent near term. No data are available for the measurement of cerebral blood flow in human fetuses. Brain weight is about 2 percent of body weight in the fetal lamb and this relationship does not change significantly throughout gestation. In the human fetus, the brain weight is about 13 percent of body weight and this ratio also does not change during gestational development. If it is assumed that blood flow per unit weight of brain tissue in the human is similar to that in the lamb, flows and the proportion of CVO distributed to the brain can be estimated. Thus, at 0.5 gestation, with a body weight of 300 g, a brain weight of 39 g, and blood flow of 30 ml/min/100 g, cerebral blood flow would be 11 ml/min or 8 percent of CVO. This value is a reasonable estimate because Vimpeli et al. 19 reported that 13 percent of CVO was distributed through the ascending aorta to the upper body and brain in human fetuses at 0.3-0.5 gestation. In a term fetus with body weight of 3.5 kg, a brain weight of 455 g, and blood flow of 120 ml/min/100 g, cerebral blood flow would be 546 ml/min or 35 percent of CVO. This difference in the proportion of CVO distributed to the brain markedly influences the course and distribution of flow with advancing gestation, as discussed below.
DISCUSSION

Changes in the distribution of CVO
The differences between the distribution of cardiac output and organ blood flows in lamb and human fetuses, particularly in the latter part of gestation, are of great interest. The marked changes in cardiac output distribution with gestational development in the human fetus have not been adequately addressed in consideration of the influence of the effects of fetal disorders such as growth retardation and congenital cardiovascular malformations. The differences are largely related to variation in body configuration, organ size, and blood flow relative to organ weight. The changes during gestational development are very different in the human versus the lamb fetus. Thus, in the lamb, although the flow per 100 g of brain weight increases markedly during gestational development, since brain weight is only 2 percent of body weight throughout gestation, the cerebral flow as a percentage of CVO increases from 2 to 3 percent during the latter half of gestation (Table 1 ). Blood flow relative to brain weight in the human fetus probably also increases. This is supported by the observation that in human fetuses of 16-40 weeks of gestation, there is a progressive increase in vessel density and in the percentage of blood vessel area in the germinal matrix, gray matter, and white 20 . However, because the brain weight in the human fetus is 13 percent of body weight, cerebral blood flow as a percentage of CVO increases dramatically from 8 to 35 percent of CVO through the latter half of gestation (Table 1) .
Blood flow to the brain is provided by the left ventricle, so left ventricular output increases. Flow into the left atrium and ventricle is derived from pulmonary venous return and flow across the foramen ovale. In the human fetus, the proportion of CVO passing across the foramen ovale decreases in the latter half of gestation 12 , whereas the percentage of CVO to the pulmonary circulation increases to provide the enhanced output of the left ventricle. To provide the increase in cerebral and pulmonary blood flows, it would be necessary for CVO to increase, or for flow to other fetal organs to be decreased.
The fetal heart is limited in its ability to increase cardiac output. As reported by Gilbert 21 and by Thornburg and Morton 22 , volume loading of the heart in fetal lambs increases the ventricular output to a small amount as ventricular filling pressure increases, but the output plateaus with a further increase in ventricular diastolic pressure. This limit in the ability to increase output is supported by the fact that CVO relative to fetal weight does not change significantly during gestational development. So, with the limited ability to increase ventricular output, to accommodate the increase in pulmonary and cerebral flow, it is necessary to reduce flow to other organs.
In the fetal lamb, the percentage of CVO to some organs increases with advancing gestation, but, because the amounts are relatively small, the total proportion of CVO distributed to the fetal body is increased only modestly, so that umbilical-placental flow falls from 45 to 40 percent of CVO. In the human fetus, with the increase of pulmonary flow to 25 percent and of cerebral flow to 35 percent CVO, if umbilical-placental flow were maintained at 35 percent CVO, there would be a negligible amount available for the rest of the fetal body. Thus, in the human fetus, umbilical-placental flow falls from 35 to 20 percent CVO during the latter half of gestation (Table 1) .
Pulmonary vasculature
In the fetal lamb, pulmonary blood flow is about 4 percent of CVO at 0.5 gestation and this increases to 8 percent CVO at term (Table 1) . Pulmonary vascular resistance does not change significantly at 0.5 gestation with an increase in oxygen saturation of blood perfusing the lung, but the vasodilator response progressively increases to term. These pulmonary vascular responses are induced by small changes in oxygen saturation of pulmonary arterial blood 23 . Pulmonary vascular resistance is considerably lower in the human fetus; at 0.5 gestation, the lungs receive about 15 percent CVO and this increases to about 25 percent at term. Increased oxygenation does not affect pulmonary blood flow below 0.5 gestation, but increases flow in older fetuses 24 .
Oxygen and glucose supply to the fetus The magnitude of umbilical-placental blood flow and the oxygen content and glucose concentration of umbilical venous blood determine the delivery of oxygen and glucose to the fetus. The changes with gestational development are summarized in Table 2 .
In the lamb fetus, umbilical blood flow as a percentage of CVO falls only slightly in the latter half of gestation. Hemoglobin concentration, based on observations in many studies, is about 8 g/dl at 0.5 gestation and increases slightly to about 10 g/dl at term. Thus, oxygen delivery to the fetus is estimated to be about 17 ml/min/kg fetal weight at 0.5 gestation and 19 ml/min/kg at term. In the human fetus, the marked decrease in umbilical blood flow from 35 percent CVO at 0.5 g to 20 percent at term severely compromises the delivery of oxygen. To compensate, the hemoglobin concentration markedly increases from 9 g/dl at 0.5 g to 16 g/dl at term 25 . Thus, the oxygen delivery is estimated to be 15 ml /min/kg at 0.5 g and this is maintained through the latter half of gestation (Table 2) .
Blood glucose concentrations are markedly different in the lamb and human fetus. In the lamb at 0.5 g, it is about 30 mg/dl and it falls to about 20 mg/dl at term 26 . Thus, with the associated small decrease in the percentage of CV distributed to the placenta, there is a moderate fall in glucose delivery from 50 mg to 36 mg/ min/kg (Table 2 ). Little information is available regarding umbilical venous glucose concentration in human fetuses. Concentrations appear to be considerably higher than in the sheep at about 70 mg/dl at 0.5 g and 60 mg/dl at term 27 . Thus, with the marked fall in the umbilical venous flow as a percentage of CVO, glucose delivery per kilogram of fetal weight falls markedly from 110 mg/ min/kg at 0.5 g to 54 mg/min/kg at term (Table 2) .
In summary, the distribution of CVO changes dramatically during gestational development in the human fetus. This is largely related to the marked increase in cerebral blood flow. Cerebral flow is derived from the left ventricle and thus left ventricular output is increased. This is provided by an increase in pulmonary blood flow. Because the fetus heart has a limited ability to increase its output, the flow to other organs has to be reduced; this is accomplished by decreasing umbilical-placental flow as a proportion of CVO. This would result in a decrease in oxygen delivery to the fetus, but hemoglobin concentration increases with advancing gestation to maintain oxygen supply. Thus, at different stages of the gestation, the changes in the distribution of CVO could influence the effects of many conditions, such as growth retardation and congenital cardiovascular malformations.
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